



























h vi  !SM0s = (0.1, 1, 10)⇥ 3⇥ 10 26 cm3/s
) ⌦ h2 ⇠ (1, 0.1, 0.01)
⌦CDMh2 = 0.1193± 0.0014
(1- , Planck Collaboration, 1502.01589)
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thermal freeze-out mechanism
Consider DM annihilation and creation:   $ SM 0s,
dn 
dt
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The	 supersymmetric	 dark	maIer	 relic	 density	 depends	 not	 only	 on	







We	 work	 within	 the	 simplest	 version	 of	 supersymmetry	 –	 the	





We	 assume	 the	 standard	 thermal	 history	 of	 the	 Universe,	 and	 use	
the	 well-studied	 thermal	 freeze-out	 mechanism	 to	 calculate	 the	
neutralino	dark	maIer	relic	density.		
The	 gluinos	 can	 form	 bound	
states,	 ,	 and	 they	 eﬀec2vely	
help	 to	 achieve	 the	 largest	
possible	dark	maIer	mass.		
Depending	 on	 the	 squark	 masses,	 the	 en2re	 gluino-neutralino	
coannihila2on	 parameter	 space	 can	 be	 probed	 by	 a	 100	 TeV	
proton-proton	collider.		
Gluino bound-state e↵ect
  $ SM,  g˜ $ qq¯, g˜ g˜ $ qq¯ or gg ,
g˜ g˜ $ R˜g , R˜ $ gg
Bound-state e↵ects: g˜ g˜ $ R˜g , R˜ $ gg
Explanation:
(1) Similar to e p $ H , the attractive Coulomb like potential
between the g˜ 0s can make the formation of gluino-gluino bound
state R˜ possible.












































⌦ h2 = 0.1193± 0.0042 bands (3-  Planck).
red: w/o Sommerfeld e↵ects and w/o bound-state e↵ects
orange: w/ Sommerfeld e↵ects but w/o bound-state e↵ects
black: w/ Sommerfeld e↵ects and w/ bound-state e↵ects
purple: w/ Sommerfeld e↵ects and w/ 2 times bound-state e↵ects
The	largest	possible	dark	maIer	mass	is	about	8	TeV.	
Very	 large	 squark	 masses	 can	
prevent	 from	 achieving	 a	 large	
dark	 maIer	 mass,	 due	 to	 the	
breakdown	 of	 the	 gluino-
neutralino	coannihila2on.		
Just	 like	 you	 need	 a	 fast	 running	 and	 very	 strong	 friend	 to	 give	 you	 a	 hand	 in	 an	
emergency,	the	large	gluino	annihila2on	rate	and	the	gluino	bound	state	eﬀects,	together	
with	 the	 fact	 that	 gluino	has	a	 large	 color	 charge,	 can	greatly	enhance	 the	dark	maIer	
eﬀec2ve	annihila2on	cross	sec2on,	so	that	the	correct	dark	maIer	relic	abundance	can	be	
obtained	by	a	neutralino	dark	maIer	with	a	large	mass.		
At	 high	 temperature,	 the	 dark	maIer	 par2cle	
can	 track	 its	 equilibrium	 abundance.	With	 the	
Universe	 expanding	 and	 cooling,	 the	 Hubble	
expansion	rate	dominates	over	the	dark	maIer	
annihila2on	and	produc2on	rates,	and	the	dark	
maIer	 par2cle	 can	 no	 longer	 track	 its	
equilibrium	 abundance	 (and	 is	 said	 to	 be	
“frozen	out”).		
DM DM $ SM particles
+ Universe cools
DM DM ! SM particles
+
DM DM 9 SM particles
We	assume	 that	 the	next-to-lightest	 supersymmetric	 par2cle	 is	 the	
gluino,	 	 ,	 co-annihila2ng	with	 the	 neutralino.	 Such	 scenario	 can	 be	
achieved,	 for	 example,	 in	 the	 MSSM	 with	 non-universal	 gaugino	
masses	 at	 the	 GUT	 scale.	 Because	 the	 gluino	 has	 the	 largest	 color	

















Conditions for coannihilation to reduce LSP relic density
If there is another R-odd species  2 almost degenerate in mass with the DM  1,
and if  2 has a big annihilation cross section with itself and/or with  1,
and if  1 can e ciently convert to  2,
then  1 and  2 can freeze out together, resulting in a smaller dark matter abundance than
if without the existence of  2.
 1 1 $ SM,  1 2 $ SM,  2 2 $ SM
 1SM $  2SM,  2 $  1SM
e cient conversion: h i1SM!2SM + h i1SM!2   H
) n1/n2 ⇡ neq1 /neq2 (this can be checked by explicitly solving for n1 and n2)
Define n ⌘ n1 + n2 and neq ⌘ neq1 + neq2 ,
dn
dt











(Recall w/o coannihilation: dn 
dt











e mi/T for T ⌧ mi
I if m2   m1 ) neq ⌘ neq1 + neq2 ⇡ neq1 ) •• ⇡ h vi11!SM
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e mi/T for T ⌧ mi
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 1 1 SM,  1 2 SM,  2 2 $ SM
 1SM $  2SM,  2 $  1SM
e cient conversion: h i1SM!2SM + h i1SM!2   H
) n1/n2 ⇡ eq/neq2 (this can be checked by explicitly solving for n1 and n2)
Define n ⌘ 1 + n2 and neq ⌘ neq1 + neq2 ,
dn
dt











(Recall w/o coannihilation: dn 
dt











e mi/T for T ⌧ mi
I if m2   m1 ) neq ⇡ neq1 ) •• ⇡ h vi11!SM

































I if m2   m1 ) neq ⌘ neq1 + neq2 ⇡ neq1 ) •• ⇡ h vi11!SM




























I if m2   m1 ) neq ⌘ neq1 + neq2 ⇡ neq1 ) •• ⇡ h vi11!SM
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e mi/T for T ⌧ mi
I if m2   m1 ) neq ⌘ neq1 + neq2 ⇡ neq1 ) •• ⇡ h vi11!SM





  $ SM,  g˜ $ qq¯, g˜ g˜ $ qq¯ or gg ,
g˜ g˜ $ R˜g , R˜ $ gg ,
 q $ g˜q, g˜ $  qq¯
(1) Sommerfeld e↵ects for g˜ g˜ ! qq¯ or gg
Explanation:
Depending on the colour configuration of the initial g˜ g˜ , the long range
Coulomb-like potential between g˜ g˜ can be attractive or repulsive.
) modify the otherwise free initial particle wave function
) enhance or suppress the g˜ g˜ annihilation cross sections
(2) Gluino bound-state e↵ect
g˜ g˜ $ R˜g , R˜ $ gg
(3) Breakdown of coannihilation by large squark masses
 q $ g˜q, g˜ $  qq¯
Gluino Coannihilation Calculation
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Coulomb-like potential between g˜ g˜ can be attractive or repulsive.
) modify the otherwise free initial particle wave function
) enhance or suppress the g˜ g˜ annihilation cross sections
(2) Gluino bound-state e↵ect
g˜ g˜ $ R˜g , R˜ $ gg
(3) Breakdown of coannihilation by large squark masses
 q $ g˜q, g˜ $  qq¯
Gluino Coannihilation Calculation
  $ SM,  g˜ $ qq¯, g˜ g˜ $ qq¯ or gg ,
g˜ g˜ $ R˜g , R˜ $ gg ,
 q $ g˜q, g˜ $  qq¯
(1) Sommerfeld e↵ects for g˜ g˜ ! qq¯ or gg
Explanation:
Depending on the colour configuration of the initial g˜ g˜ , the long range
Coulomb-like potential between g˜ g˜ can be attractive or repulsive.
) modify the otherwise free initial particle wave function
) enhance or suppress the g˜ g˜ annihilation cross sections
(2) Gluino bound-state e↵ect
g˜ g˜ $ R˜g , R˜ $ gg
(3) Breakdown of coannihilation by large squark masses
 q $ g˜q, g˜ $  qq¯
Gluino bound-state e↵ect
Explanation:
I g˜ g˜ can form a positronium-like bound state R˜
I R˜ ! gg removes two R-odd particles =) decreases the final R-odd
particle number density (i.e., DM number density)
(note that R˜ ! gg rate is much larger than the single gluino decay rate for
mq˜ > mg˜ : ⇠ ↵5smg˜ vs. ⇠ (mg˜  m )5m 4q˜ )
I R˜ ! gg defeats R˜g ! g˜ g˜ with the decrease of temperature.
) dn
dt









h iR˜!gg + h iR˜g!g˜ g˜
h
ng˜ng˜   neqg˜ neqg˜
i
Gluino Coannihilation Calculation
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h iR˜!gg + h iR˜g!g˜ g˜
h
ng˜ng˜   neqg˜ neqg˜
i
Gluino bound-state e↵ect
  $ SM,  g˜ $ qq¯, g˜ g˜ $ qq¯ or gg ,
g˜ g˜ $ R˜g , R˜ $ gg
Bound-state e↵ect : g˜ g˜ $ R˜g , R˜ $ gg
g˜ g˜ can form a positronium-like bound state R˜
Coulomb potential ⇠  ↵s/r
Bohr radius ⇠ (↵smg˜ ) 1
binding energy ⇠ ↵2smg˜
R˜ annihilation decay rate ⇠ ↵5smg˜
individual g˜ decay rate ⇠ (mg˜  m )5m 4q˜
Gluino bound-state e↵ect
Explanation:
I The attractive Coulomb like potential between the g˜ 0s can make the
formation of gluino-gluino bound state R˜ possible.
I R˜ ! gg removes two R-odd particles and therefore helps to decrease the
final R-odd particle number density (i.e., DM number density).
(note that R˜ ! gg rate is much larger than the single gluino decay rate for
mq˜ > mg˜ : ⇠ ↵5smg˜ vs. ⇠ (mg˜  m )5m 4q˜ )
I R˜ ! gg defeats R˜g ! g˜ g˜ with the decrease of temperature.
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 q $ g˜q, g˜ $  qq¯
dn 
dt



















I if m2   m1 ) neq ⌘ neq1 + neq2 ⇡ neq1 ) •• ⇡ h vi11!SM

























 2iUsain Bolt, regarded as the fastest person on this planet, is the current world
record holder in the 100 and 200 meter sprints.
The gluino, g˜ , with the largest colour charge, is the strongest
coannihilation particle in the MSSM.
The gluino-neutralino coannihilation scenario may give the
largest possible neutralino DM mass within the coannihilation
thermal freeze-out mechanism.
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F8, mχ=8 TeV, mg∼-mχ=15 GeV
gluino	is	a	fermion	octet,	so	call	it	“F8”

























  $ SM,  g˜ $ qq¯, g˜ g˜ $ qq¯ or gg ,
g˜ g˜ $ R˜g , R˜ $ gg ,
 q $ g˜q, g˜ $  qq¯
(1) Sommerfeld e↵ects for g˜ g˜ ! qq¯ or gg
Explanation:
Depending on the colour configuration of the initial g˜ g˜ , the long range
Coulomb-like potential between g˜ g˜ can be attractive or repulsive.
) modify the otherwise free initial particle wave function
) enhance or suppress the g˜ g˜ annihilation cross sections
(2) Gluino bound-state e↵ect
g˜ g˜ $ R˜g , R˜ $ gg
(3) Breakdown of coannihilation by large squark masses
 q $ g˜q, g˜ $  qq¯
Breakdown of coannihilation by large squark masses
  $ SM,  g˜ $ qq¯, g˜ g˜ $ qq¯ or gg ,
g˜ g˜ $ R˜g , R˜ $ gg ,
 q $ g˜q, g˜ $  qq¯
Explanation:
I g˜ only has color charge, while   does not have color charge, so   can
only interact with g˜ through vertices involving a q˜ in the propagator:
   q   q˜ and q˜   g˜   q
I ) when mq˜ is very large,  q $ g˜q and g˜ $  qq¯ are ine↵ective
) coannihilation mechanism breaks down, and therefore Sommerfeld
enhancement and bound-state e↵ect cannot reduce the   number density
even if they are large and even if g˜ and   are degenerate in mass
Gluino Coannihilation Calculation
  $ SM,  g˜ $ qq¯, g˜ g˜ $ qq¯ or gg ,
g˜ g˜ $ R˜g , R˜ $ gg ,
 q $ g˜q, g˜ $  qq¯
(1) Sommerfeld e↵ects for g˜ g˜ ! qq¯ or gg
Explanation:
Depending on the colour configuration of the initial g˜ g˜ , the long range
Coulomb-like potential between g˜ g˜ can be attractive or repulsive.
) modify the otherwise free initial particle wave function
) enhance or suppress the g˜ g˜ annihilation cross sections
(2) Gluino bound-state e↵ect
g˜ g˜ $ R˜g , R˜ $ gg
(3) Breakdown of coannihilation by large squark masses























I if m2   m1 ) neq ⌘ neq1 + neq2 ⇡ neq1 ) •• ⇡ h vi11!SM

































































 1  (GeV)
tan β  = 3, A0 = 1.5 m0, m0 = 200 TeV, µ > 0


















tan β  = 3, A0 = 1.5 m0, m0 = 200 TeV, µ > 0












This choice of m0 corresponds to values of mq˜/mg˜ along the plateau found
using the simplified supersymmetric spectra (right panel).
In the left panel, the dark blue strip shows where ⌦ h
2 = 0.1193± 0.0042, and
gluino is the LSP in the brick-red shaded region.
In the middle panel, the blue line shows the gluino-neutralino mass di↵erence
and the red line shows the neutralino mass, both along the dark blue strip in
the left panel and as functions of M3.
t˜ t˜⇤ $ qq¯ or gg ,
t˜ t˜⇤ $ R˜g , R˜ $ gg
t˜t˜⇤ $ R˜g , t˜ t˜⇤ $ R˜ , R˜ $ gg
t˜ t˜⇤ $ qq¯ or gg ,
t˜ t˜⇤ $ R˜g , R˜ $ gg
t˜t˜⇤ $ R˜g , t˜ t˜⇤ $ R˜ , R˜ $ gg
✓ stop	anti-stop	color	potential	prior	to	forming	a	bound	state	is	repulsive,	
while	the	one	for	gluino	pair	is	attractive
3⌦ 3 = 1  8
8⌦ 8 = 1S   8A   8S   10A   10A   27Svs.	
3⌦ 3 = 1  8




t˜ t˜⇤ $ qq¯ or gg ,
t˜ t˜⇤ $ R˜g , R˜ $ gg
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3⌦ 3 = 1  8
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t˜ t˜⇤ $ qq¯ or gg ,
t˜ t˜⇤ $ R˜g , R˜ $ gg
t˜t˜⇤ $ R˜g , t˜ t˜⇤ $ R˜ , R˜ $ gg
stop				=	S3
gluino	=	F8	
t˜ t˜⇤ $ qq¯ or gg ,
t˜ t˜⇤ $ R˜g , R˜ $ gg
t˜t˜⇤ $ R˜g , t˜ t˜⇤ $ R˜ , R˜ $ gg










S3 with electric charge






































channel coannihilator bkgd. syst.
14 TeV 100 TeV
95% limit 5  discovery 95% limit 5  discovery
monojet
gluino
1% 1.1 TeV 950 GeV 6.2 TeV 5.2 TeV
2% 1.0 TeV 850 GeV 5.8 TeV 4.8 TeV
stop
1% 530 GeV 420 GeV 2.8 TeV 2.1 TeV
2% 470 GeV 330 GeV 2.4 TeV 1.7 TeV
squark
1% 740 GeV 600 GeV 4.0 TeV 3.0 TeV
2% 630 GeV 495 GeV 3.5 TeV 2.6 TeV
stau n/a n/a n/a n/a n/a
Table 4: Mass reach for the coannihilating dark matter scenario. The systematic uncertainty
on the signal was 10%.
all of which relied on the basic signal of tagging one or more initial state radiation (ISR) jets
and summarized in Fig. 14.
The first spectrum studied was pure wino dark matter. Recently, wino dark matter has
received some attention based on the potential to exclude or discover it with indirect detec-
tion experiments. Unfortunately, the LHC is only able to probe the several hundred GeV
range, which is neither near the thermally-saturating wino mass, nor high enough to close
the available mass window from the low end (given a pessimistic dark matter halo profile). A
100 TeV collider, in contrast, can exclude as high as m ˜ ⇠ 1.4 TeV in the monojet channel,
or even m ˜ ⇠ 3 TeV given a naive extrapolation of a disappearing track search. In light both
of 8 TeV LHC results and this study, it is clear that the disappearing track (and displaced
vertices and charged massive particle) search will play an exigent role in continuing to carve
away at wino parameter space.
Higgsino dark matter was next to be looked at and was found to receive similar enhance-
ments in mass reach in going from the LHC to a 100 TeV collider as wino dark matter. The
higgsino cross-section, however, is lower than that of the wino, which is reflected in a lower
exclusion and discovery reach. Respectively these reaches were found to be m ˜ ⇠ 870 GeV
and m ˜ ⇠ 285 GeV. The chargino-neutralino mass splitting for higgsinos is parametrically
larger than the wino mass splitting leading to short chargino track length and a less sensitive
disappearing track search. The monojet or disappearing track searches alone are not likely
to quite reach the thermal higgsino mass. One direction of future work would be to examine
combining several searches to reach the thermal higgsino mass or augment the spectrum with
additional particles to open up new search channels.
The next spectra were several cases of mixed dark matter with a compressed spectrum of
 m = 20   30 GeV. In these cases the most applicable search was looking for soft leptons




Probe the neutralino-gluino coannihilation scenario
I monojet searches for pair produced gluinos (Low and Wang,
1404.0682)
I searches for long-lived coloured particles with displaced









I squark-gluino associated production (S. Ellis and B. Zheng,
1506.02644)
Much of the neutralino-gluino coannihilation parameter space can
be probed in a 100 TeV p-p collider. Depending on the squark












backup: the reason why the  m vs. m  plot has the shape










<sv>eff = 1 pb
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<sv>eff = 1 pb
dn
dt
















e mi/T for T ⌧ mi
Result: Wino










































Why the maximum LSP mass is smaller for a Wino (⇠ 7 TeV)
or a Higgsino (⇠ 6 TeV) compared to a Bino (⇠ 8 TeV)?
Because there are more inert degrees of freedom for Wino
(=6) or Higgsino (=8) compared to Bino (=2) at large mass
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neq 
 2i
I’m	the	expanding	
Universe.
I’m a	gluino…
I’m a	Wino	(Higgsino).	
